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Microclimatic variability in tropical forests plays a key role in shaping species distributions 25 and their ability to cope with environmental change, especially for ectotherms. Yet, currently 26 available climatic datasets lack data from the forest interior and our knowledge of thermal 27 tolerance among tropical ectotherms is limited. To tackle this, we studied natural variation in 28 the microclimate experienced by a tropical genus of butterflies (Heliconius sp.) along their 29 Andean range across a single year. We found that the forest strongly buffers temperature 30 and humidity in the understory, especially in the lowlands where temperatures are more 31 extreme. There were systematic differences between our yearly records and macroclimate 32 databases (WorldClim2), with lower interpolated minimum temperatures and maximum 33 temperatures higher than expected. We then assessed thermal tolerance of ten Heliconius 34 butterfly species in the wild and showed that populations at high elevations had significantly 35 lower heat tolerance than those at lower elevations. However, when we reared populations 36 of the widespread H. erato from high and low elevations in a common-garden environment, 37 the difference in heat tolerance across elevations was reduced, indicating plasticity in this 38 trait. Microclimate buffering is not currently captured in publicly available datasets but could 39 be crucial for enabling upland shifting of species sensitive to heat such as highland 40 Heliconius. Plasticity in thermal tolerance may alleviate the effects of global warming on 41 some widespread ectotherm species, but more research is needed to understand the long-Introduction 45 46 Land-use and climate change are forcing organisms in the Anthropocene to move, adapt or 47 die (Dirzo et al., 2014) . But moving in an increasingly fragmented landscape or adapting to 48 an everchanging climate might be difficult for organisms usually exposed to a narrow range 49 of environmental conditions. Those restricted to stable climates or with limited dispersal 50 abilities have been predicted to be at particular risk of extinction (Bestion et al., 2015;  51 Kingsolver et al., 2013) . Despite tropical ectotherms making up half of the animal species 52 described, our knowledge of their potential to cope with high temperatures in natural settings 53 is limited, especially along elevational clines (García-Robledo et al., 2016; Sheldon, 2019) . 54 We therefore need a better understanding of the ability of ectotherms to cope with 55 temperatures across elevations and of the climate buffering potential of tropical forests 56 (García-Robledo et al., 2016; Sheldon, 2019) . 57 58 Since the 1960's, the notion that "mountain passes are higher in the tropics" (Janzen, 1967) 59 has inspired generations of ecological and evolutionary research. Janzen's 'seasonality 60 hypothesis' predicts that the reduced seasonality in the tropics selects for narrower thermal 61 tolerances than in temperate zones, which would in turn limit their dispersal across 62 elevations (Angilletta, 2009; Nadeau et al., 2017; Sheldon et al., 2018) . Subsequent 63 empirical studies have shown that thermal breadth of insects is indeed higher in temperate 64 zones, where seasonality is stronger than in the tropics (Deutsch et al., 2008; Shah et al., 4 2015) , it is critical to ascertain the potential of ectotherms to overcome the physiological 72 barriers that mountains pose. 73 74 Janzen's hypothesis has often been tested at the macroecological scale and with 75 interpolated data from weather stations, assuming that tropical ectotherms live at ambient air 76 temperature (Pincebourde and Suppo, 2016) . However, this ignores the microclimate 77 differences most relevant to organisms inhabiting tropical forests (Potter et al., 2013) . 78 Tropical forests are very heterogenous habitats with a particularly steep vertical climatic 79 gradient, such that the understory is often more than 2°C cooler than the canopy and 80 spanning an 11% difference in relative humidity (Scheffers et al., 2013) . This complexity is 81 not fully captured by interpolated datasets often used in ecological modelling (e.g. 82 WorldClim2, Fick and Hijmans 2017), with mean temperatures in some cases overestimated 83 by 1. 5°C (Blonder et al., 2018; Kearney and Porter, 2009; Storlie et al., 2014) . Thus, the 84 biological relevance of studies in the tropics using weather station data is limited, as they are 85 positioned specifically to minimise habitat characteristics that can be crucial in determining 86 the thermal tolerance of local organisms (Frenne and Verheyen, 2016; Jucker et al., 2018; 87 Senior et al., 2017). These biases could become even more pronounced at higher 88 elevations, where weather stations are very sparse in the tropics (Fick and Hijmans, 2017; 89 Paz and Guarnizo, 2019). 90 91 Extreme climatic events and increased daily climatic ranges may be more important 92 determinants of the biological responses to climate change than temperature mean alone 93 (Sheldon and Dillon, 2016) . However, microclimates can buffer ambient temperatures and 94 might act as refugia against such extremes. This buffering could encourage shifts in forest 95 vertical stratification across elevations, such that at higher elevations species may become 96 more arboreal thanks to cooler canopies (Scheffers et al., 2014) . However, highly mobile 97 ectotherms such as flying insects often need to reach food sources hundreds of meters 98 5 apart and across different forest layers, such that behavioural buffering might not be 99 possible. Furthermore, ectotherms can have vastly different ecologies through different life-100 stages, both in the microclimates of the forest they inhabit and in their ability to cope with 101 thermal extremes (Klockmann et al., 2017; MacLean et al., 2016; Pincebourde and Casas, 102 2015; Steigenga and Fischer, 2009) . Therefore, the fate of ectotherms in tropical forests will 103 depend largely on their own thermal tolerances, as well as on the availability of local climate 104 refugia that buffer against extreme temperatures (Nowakowski et al., 2018; Pincebourde and 105 Casas, 2015; Scheffers et al., 2014) . Plasticity and evolutionary potential in thermal tolerance could help ectotherms cope with 108 human-induced climate and habitat change (Hoffmann and Sgrò, 2011) . Tropical species 109 are predicted to have evolved reduced thermal plasticity compared to temperate species, 110 due to low or absent seasonality (Sheldon et al., 2018; Tewksbury et al., 2008) . A recent 111 review found that ectotherms, in general, have low thermal tolerance plasticity, with most 112 species having less than a 0.5°C acclimation ability in upper thermal limits (Gunderson and 113 Stillman, 2015; Sheldon, 2019) . Detecting evolutionary change in the wild is challenging, 114 especially in the tropics where long-term monitoring schemes are extremely rare (Merilä and 115 Hendry, 2014). However, in two tropical Drosophila species, moderate levels of desiccation 116 stress have led to adaptive evolutionary responses in lab conditions (van Heerwaarden and 117 Sgrò, 2014), whereas flies were not able to track the changes with higher and unrealistic 118 levels of desiccation stress (Hoffmann et al., 2005; Sheldon, 2019) . Thus, a better 119 knowledge of the plasticity and evolutionary potential of thermal tolerance in tropical insect 120 species will be key to predicting their ability to cope with the warming climate, and tests with 121 realistic levels of environmental change are required. relative humidity accuracy: 2.5%; relative humidity resolution: 0.05%, four loggers per area). 158 We chose 28 accessible forest sites that had not recently been disturbed by humans, usually 159 inside or near nature reserves (localities in Table S1 ). Seven of these were at high altitude 160 (mean= 1214 m.a.s.l.) and seven at low altitude (mean= 444.6 m.a.s.l.) in the eastern and 161 western slopes of the Andes (Fig. S1 ). Sites were at least 250m apart from each other and 162 8 in the same areas where Heliconius populations were sampled for this study. We placed one 163 logger in the understory (mean height= 1.16 m) and one in the subcanopy (mean height= 164 10.7 m) at each site. Subcanopy loggers were as close as possible to directly above the 165 understorey loggers, and both were hung from tree branches with fishing line and 166 suspended mid-air (Supplementary Video 1). To prevent exposure to direct solar radiation, 167 temperature data loggers were secured inside a white plastic bowl and humidity data loggers 168 between two flat white plastic plates, allowing for horizontal air flow. i.e. when the butterfly's legs collapsed or it fell on its side. Temperature at KO was 187 accounted for in the models, as in 89 out of 496 assays the chamber went above 41°C (Fig. 188 S6), but assays in which temperature went above 41.9°C were removed from all analyses 189 9 (n=2). Butterflies were monitored for a maximum of 60 minutes, and this maximum value 190 was used for those that had not been knocked out within the timeframe (n=1). Microclimates across altitudes 214 Our data showed low seasonality (standard deviation of monthly averages (Bio4)= 0.63, 215 Note S1), as expected for latitudes near the Equator, therefore it was not subdivided into 216 months. To determine the range of temperatures and humidities that butterfly populations 217 10 are exposed to at different altitudes and sides of the Andes, we first estimated daily maxima, 218 mean, and minima temperature and humidity per data logger across the year. We used 219 linear mixed effect models (LMMs) to determine temperature differences across forest strata 220 (understory and subcanopy), implemented with lmer() function from the lme4 package 221 (Bates et al., 2015) . We included forest strata, altitude and date as fixed effects, and as 222 random effects we placed data logger ID nested within site and area (altitude+side of the 223 Andes). Dates were standardized to a mean of zero and unit variance to improve model To understand the atmospheric water imbalance of each microclimate and elevation, we 233 calculated vapour pressure deficit (VPD, in hectoPascals -hPa) based on the hourly high-234 resolution relative humidity and temperature measurements taken across the year. VPD is 235 the difference between how much moisture the air can hold before saturating and the 236 amount of moisture actually present in the air, i.e. a measure of the drying power of the air. 237 VPD relies on both temperature and relative humidity, making it more biologically relevant 238 than relative humidity alone (Bujan et al., 2016) . Relative humidity, which is directly 239 measured by our humidity dataloggers, depends partially on air pressure, thus we do not 240 need to further account for it. Vapour pressure deficit is linked to water transport and 241 transpiration in plants, and negatively correlated with survival and growth in trees and with 242 desiccation resistance in ectotherms (Bujan et al., 2016) . It is calculated as the difference 243 between saturation water vapour pressure (es) and water vapour pressure (e) (Jucker et al., 244 11 2018). Given that relative humidity (RH), which is directly measured by our data loggers, can 245 be expressed as RH=(e/es) and VPD is calculated:
And es is derived from temperature (in °C ) using Bolton's equation (Bolton, 1980 Overall, the patterns of differentiation between forest layers and altitudes are very similar 322 across sides of the Andes in our study ( Fig. 1 A vs B) , and there was low seasonality across 323 months (Fig. 1, Note S1 ). The lowland sites were, on average, 4.1°C warmer than the 324 highland sites which were over 750m apart in elevation (Table S1, S2). Annual mean 325 temperatures interpolated from WorldClim2 were always closer to subcanopy strata annual 326 means ( Fig. S3 A) . In contrast, the understory annual mean temperatures were on average 327 0.5°C lower than WorldClim2 annual mean temperatures (dotted lines Fig. 1 A1-2 , B1-2, 328 Table S2 ). The minimum temperatures were consistently higher in our microclimate data 329 compared to the interpolated monthly minima estimated in WorldClim2, especially for the 330 highlands (lower dotted line, Fig. 1 A2, B2 ). Forest canopies thermally buffered the understory, but more so during the day and in the 348 lowlands. During the day, the understory thermally buffered the canopy temperature maxima 349 by 1.19-1.62°C in the highlands, and by 1.98-2.11°C in the lowlands (Table 1) . At night, 350 understories buffered the temperature minima of the canopies by 0.07-0.12°C in the 351 highlands and by 0.25-0.23°C in the lowlands (Table 1) . Thus, the forest buffered high and 352 low temperatures in the understory throughout the day and night, respectively ( Fig. 2A) . 353 Temperature differences between day and night are greater in the lowlands, where days are 354 warmer ( Fig. 2 A) , but less so in the understory of all areas. On average, the difference 355 between subcanopy and understory diurnal thermal range in the highlands was 1.34°C, 356 whereas in the lowlands this difference was 2.09°C (Fig. 2 B) . However, WorldClim2 357 interpolations for diurnal thermal ranges were 3.5°C higher than our records in the 358 highlands, resulting in the highlands being predicted to have higher thermal ranges than the 359 lowlands (stars, Fig. 2B ). This was the opposite elevational trend to that observed in our 360 data, where thermal ranges were lower in the highlands. The temperature buffering of the lowlands was higher than the highlands, so that for every 370 1°C increase in subcanopy temperature the understory increased 0.68°C in the lowlands, in 371 contrast to 0.73°C in the highlands (Fig. S2) . The lowland canopies exceeded 39°C on 31 372 days throughout the year, whereas the highlands never did ( Fig. 1 A, B) . The monthly 373 16 maximum temperature interpolated by WorldClim2 was close to our measured subcanopy 374 temperature maxima in the lowlands, but 2.01°C higher, on average, in the highlands (Fig.   375 2C). Wordclim2 monthly minima were also overestimated at both elevations, predicting it to 376 be 2.6°C cooler at night in the highlands and 2.3°C cooler in the lowlands than our 377 measured understory microclimates (Fig. S3 B) . In the highlands, the understory daily relative humidity minimum was on average 3.7 391 percentage points higher than in the subcanopy, whereas in the lowlands the difference was 392 11.8 percentage points (Fig. S4) . The drying power of the air, or vapour pressure deficit 393 (VPD), varied drastically between layers of the forest, but more so in the lowlands (Fig. 3) . In 394 the highlands, maximum daily VPD from the same site averaged 1.1 hPa higher in the 395 subcanopy compared to the understory, whereas in the lowlands the difference was 4.8 hPa. 396 The threshold for tree transpiration is thought to be at 12 hPa in the tropical montane areas, 397 17 above which transpiration, and thus growth, is impeded by the drying power of the air 398 (Motzer et al., 2005) . This threshold was exceeded 883 times in the lowland subcanopy 399 across our data loggers, 102 in the lowland understory, 12 times in the highland subcanopy 400 and never in the highland understory (Fig. S5 ). H. timareta, were less thermally tolerant than their lowland conspecifics (Fig. S7, T- were, on average, able to withstand high temperatures for ten more minutes compared to 449 high-altitude populations (Fig.4 left, T-test: t77=-5.3, P<0.0001). In contrast, when reared in 450 common-garden conditions, individuals from lowland broods were able to withstand heat for 451 only 1.4 minutes longer than offspring from highland broods (Fig.4 right) . As a consequence, (Table 1 , "Common-garden reared model"). Fixed effects alone explained 39% of 456 the variation in thermal tolerance (R 2 LMM(m)=0.39) and 48% when together with brood identity 457 as the random effect (R 2 LMM(c)=0.48), indicating trait heritability. The variance in thermal 458 tolerance in wild populations was higher than in common-garden reared offspring (Fig. 5) . 459 The number of eggs a mother had previously laid had a positive and significant effect on 460 adult thermal tolerance, and interacted with parental altitude, likely due to high altitude 461 mothers living longer in the insectary (Fig. S8 ). Discussion 476 We found that the understory of tropical forests had large climatic buffering potential, 477 especially at lower elevations, and that this was similar across two independent elevational 478 clines on both sides of the Ecuadorian Andes (Fig. 1 and Fig. 2) . Interpolated climatic 479 variables for these same areas did not capture our observed microclimates, especially at 480 high elevations (~1100 m.a.s.l.), where weather stations are very sparse (Fick and Hijmans, 481 2017). Furthermore, we found evidence for differences in thermal tolerance in the wild 482 across ten butterfly species, regardless of whether they had altitudinally narrow or 483 widespread distributions (Fig. 4) . However, these differences were greatly reduced when a Janzen's hypothesis (Janzen, 1967) predicted that the reduced climatic variability in the 506 tropics would result in ectotherms having narrower thermal tolerances, and, in turn, reduce 507 dispersal across elevations (Sheldon et al., 2018) . In this study, the mean temperature 508 difference between the subcanopy and the understory, only ten meters apart, was 0.25°C in 509 the highlands and 0.44°C in the lowlands (Table 1) . This is more than the temperature 510 change across these elevational clines, where for every 10 m in elevation there was a 511 0.05°C decrease in temperature (Fig. S9 ). Yet, in the wild, we found that low altitude 512 populations were much more tolerant to heat than highland populations. While in this study 513 we did not measure cold tolerance, we found that the difference in minimum temperatures 514 across elevations and forest strata is much smaller than that of maximum temperatures ( Fig.   515 1 A5, B5). Thus, we can hypothesize that, given a linear change in cold tolerance, the 516 disproportionally greater heat tolerance of lowland Heliconius would result in them having 517 broader thermal breadths than high altitude populations. The microclimatic variability that 518 tropical ectotherms are exposed to within their habitats might offset the lack of seasonality 519 across the year, making some species more able to cope with warming than others. Thus, 520 protecting tropical forests' climatic buffering potential across elevations is essential to enable 521 potential upland shifting in the face of climate and land-use change.
523
We found a clear disparity between field-collected microclimate and interpolated 524 macroclimate temperature (Fig. 2) WorldClim2 interpolations at high altitudes tend to be less accurate, especially in the tropics, 536 where weather station data is very sparse (Fick and Hijmans, 2017) . This raises the question 537 of how useful coarse macroclimatic grids are for assessing thermal tolerances of organisms 538 which are affected by fine-scale microclimates (De Frenne et al., 2019; Lenoir et al., 2017; 539 Navas et al., 2017; Nowakowski et al., 2018) . In addition, very few studies in the tropics 540 have accounted for humidity and vapour pressure deficit variability at the microclimate level 541 (Bujan et al., 2016; Friedman et al., 2019; García-Robledo et al., 2016) , as the loggers 542 required to do so can be 4-5 times more costly than temperature loggers. Nevertheless, 
